It has been suggested that expression of the immediate early gene c-fos links fleeting changes in neuronal activity to lasting modifications of neuronal structure and function in the mammalian nervous system. To test this idea, we examined behavioral and electrophysiological indices of kindling development and kindling-induced sprouting of hippocampal granule cell axons in wild-type (+/+), heterozygous (+/-), and homozygous (-/-) mice carrying a null mutation of c-fos. The rate of kindling development was significantly attenuated in -/-compared with +/+ mice, as evidenced by both electrophysiological and behavioral measures.
Kindling-induced granule cell axon sprouting as measured by the Timm stain was also attenuated in homozygous null mutants compared with +/+ mice, with an intermediate effect in +/-mice. The impairment of kindling-induced axonal sprouting in the null mutants could not be attributed to either detectable loss of dentate hilar neurons or reduced activation of the dentate granule cells by seizures. Instead, our data are consistent with the hypothesis that the null mutation of c-fos attenuates a pathological activitydetermined functional plasticity (kindling development) as well as a structural plasticity (mossy fiber reorganization).
We favor the hypothesis that this "fos-less phenotype" is attributable to impaired seizure-induced transcriptional activation of one or more growth-related genes. Key words: c-fos; immediate early genes; kindling; axonal reorganization; epilepsy; plasticity Alterations in neuronal activity produce a lasting reorganization of synaptic connections in the mammalian nervous system (Hubel and Wiesel, 1965) . Patterned activity is critical to the formation of normal synaptic connections in the developing nervous system (Cline and Constantine-Paton, 1990; Shatz, 1990) , and excess neuronal activity also contributes to the formation of abnormal synaptic connections in the mature nervous system (Sutula et al., 1988; Represa et al., 1993) . Kindling is a model of epilepsy in which fleeting changes of neuronal activity in the form of brief focal seizures lead to lifelong structural and functional reorganization of the mammalian brain. Kindling is induced most conveniently by focal application of a low-intensity electrical stimulus that initially evokes a brief, localized electrical seizure without behavioral change; however, after repeated applications it evokes prolonged, widespread electrical seizures accompanied by intense behavioral seizures (Goddard et al., 1969; McNamara et al., 1993) . Once established, this enhanced sensitivity to electrical stimulation is lifelong. Kindling is accompanied by lasting synaptic reorganization exemplified by the aberrant synapses formed by mossy fiber axons of the hippocampal dentate granule cells (Sutula et al., 1988; Represa et al., 1993) ; the activity-dependence of this reorganization was demonstrated by its preferential induc-tion by high-frequency compared to low-frequency stimulation of neurons that activate the granule cells (Sutula et al., 1988) . Immediate early genes (IEGs) such as c-fos provide an attractive mechanism by which fleeting changes of neuronal activity may produce lifelong structural and functional changes via regulation of gene expression. Circumstantial evidence suggests that c-fos in particular is part of a chain of molecular events that culminate in outgrowth of dentate granule cell axons in seizure models. Seizures are sufficient to induce the transcriptional activation of c-fos and other IEGs (Morgan and Curran, 1991; Kiessling and Gass, 1993; Labiner et al., 1993) in the dentate granule cells, followed shortly thereafter by expression of genes encoding neurotrophic factors [e.g., nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF)] (Gall and Isackson, 1989; Ernfors et al., 1991; Gall, 1993; Gall et al., 1994) , neurotrophic factor receptors (e.g., Trk B, FGFR-1) (Bengzon et al., 1993; Bugra et al., 1994) and axonal growthassociated proteins such as GAP-43 (Bendotti et al., 1993; Meberg et al., 1993) . Because neurotrophic factors exert morphoregulatory effects on hippocampal neurons (Walicke et al., 1986; Mattson et al., 1989; Ip et al., 1993; Pate1 and McNamara, 1995) seizure-induced expression of these genes may underlie the morphological rearrangements of granule cell axons. The presence of AP-1 sites in the promoter region of several of these growthrelated genes (e.g., bFGF and GAP-43) (Shibata et al., 1991; Nedivi et al., 1992) suggests that they may be IEG target genes contributing to the lasting synaptic reorganization of the granule cells in kindling.
The development of a null mutation of the cjos protooncogene in transgenic mice by gene targeting (Johnson et al., 1992; Wang et al., 1992) provides an experimental preparation in which the role of c-fos in the structural and functional plasticities of the kindling model can be assessed. The goal of these experiments was to examine behavioral and electrophysiological indices of kindling development and the kindling-induced sprouting of the mossy fiber axons of the dentate granule cells in wild-type (+/+), heterozygous (+/-), and homozygous (-/-) mice carrying a null mutation for c-fos. We show that indeed the development of both kindling and kindling-induced mossy fiber sprouting are impaired in c-fos -/-mice.
MATERIALS AND METHODS
Kindling and surgicalprocedures.
Animals used in this study (n = 63) were progeny of a cross between C57BLi6J and 129/SvJ mice that were homozygdus wild-type (+/+), heterozygous (+/-), or homozygous mutant c-i-)
for the targeted c-fos allele (Johnson et al., 1992) . Mice of all three genoiypes unde;ent stereotaxic implantation of a bibolar electrode in the right amygdala under pentobarbital anesthesia using the following coordinates with bregma as reference: 0.5 mm posterior; 2.7 mm lateral; 4.5 mm below dura. A ground wire was attached to a screw overlying the lefr frontal cortex in all implanted animals (n = 37). In a subset of thcsc animals (n = 12), electrographic seizure activity was rccordcd from an additional bipolar recording clcctrode placed in the right hippocampus using the following stereotaxic coordinates relative to brcgma: 2.4 mm posterior;
2.0 mm lateral; 1.7 mm below dura. Animals used for Timm staining and morphometric studies of hippocampus were selected from the subset without hippocampal electrodes because of the potential confounding factors arising from injury. After a postoperative recovery period of at lcast 1 week, the afterdischarge threshold (AD) was determined by application of a series of 1 set trains of 60 Hz 1 msec biphasic rectangular pulses beginning at a current intensity of 40 PA followed by trains of increasing current intensity administered at 1 min intervals until an AD of at least 3 set was observed.
Seizures were classified according to a modification of Racine (1972) 
RESULTS

Development
of kindling Kindling development was assessed by monitoring both behavioral and electrophysiological responses to brief, low intensity electrical stimulations applied to the amygdala twice daily. Behavioral responses consisted of limbic seizures (classes 1 and 2) and limbic and clonic motor seizures (classes 3 through 7). Electrophysiological responses consisted of electrographic seizure activity detected in EEG recordings from the amygdala electrode. Both the intensity of the current required to evoke an electrographic seizure (electrographic seizure threshold) and the duration of the electrographic seizure were measured. These cxpcrimcnts were performed in two sets of animals, and similar results were obtained in each set; the results of both experiments were pooled for presentation.
The development of kindling did occur in -/-mice ( Fig. l) , but both electrographic and behavioral features of the early stages were delayed in onset in comparison to +/+ mice. In +/+ mice, the duration of the initial electrographic seizure was -10 set, and the duration of subsequent electrographic seizures invariably exceeded this value until reaching a steady state of at least 30 set by the seventeenth stimulation (Fig. 1A) . This steady increase in electrographic seizure duration (ESD) was paralleled by an increase in behavioral seizure intensity such that seizures of class 4 or 5 were evident after the eleventh stimulation (Fig. 1C) . No significant difference between +I+ and -I-in the duration of electrographic seizure evoked by the first stimulation was noted; however, in contrast to +/+ mice, in -/-mice the duration of electrographic seizures failed to increase during the first nine stimulations before steadily lengthening thereafter (Fig. 1A) . Statistically significant differences in ESD between +/+ and -/-mice were evident with seizures induced by stimulations 2 through 12 (p values ranged from co.05 to 0.001); the differences in response to stimulation 13 and thereafter were not statistically significant. The observed delay in lengthening of stimulus-evoked ESD was also paralleled by less severe behavioral seizures (Fig.  1C) . In contrast to the attenuated responses during the earlier stages of kindling development in -/-mice, no differences in electrographic or behavioral seizures were detected in the later stages of kindling development (stimulations after 16); the numbers of stimulations required to evoke three seizures with a duration of clonic motor activity of at least 12 set wcrc 15 -C 2 and 18 -+ 1 for the +/+ and -/-mice, respectively 0, > 0.05). Likewise, no significant differences between +/+ and -/-mice were found in the current required to evoke the initial electrographic seizure (not shown). Finally, no significant differences between +/+ and +/-mice were detected in either electrographic or behavioral seizure duration (Fig. l&D) or any other index of kindling development. Data were subjected to analysis of variance with Bonferroni's post-hoc t test. Single, double, and triple asterisks refer to differences of p < 0.05, p < 0.01, and p <O.OOl, respectively, found with Bonferroni's test. June 15, 1996, 76(12) 
Mossy fiber reorganization To determine whether these defects of functional plasticity were paralleled by defects of structural plasticity, we measured kindling-induced sprouting of dentate granule cell mossy fiber axons with Timm histochemistry.
Significant reductions of kindling-induced increases in Timm staining in the supragranular region of the dentate gyrus were evident in -/-compared with that in +/+ mice ( Fig. 2A-E) . A fourfold increase in Timm index was evident after kindling in the +/+ mice compared with that in naive +/+ mice (p < 0.05) (Fig. 2E) . By contrast, a smaller (2.4-fold) increase in Timm index was evident after kindling of -/-mice compared with naive -/-mice (p < 0.05). The lower level of Timm staining after kindling in -/-compared with +/+ mice (Fig. 2 E; p < 0.05) was selective to the supragranular region in that no differences in intensity were found in the infragranular region or in stratum lucidum ( Fig. 2A,C) by densitometric measures (not shown). Moreover, in contrast to the overlapping values of Timm index among individual naive +/+ and -/-animals, no overlap in Timm index was present among individual kindled +/+ compared with kindled -/-animals ( Fig. 2E ). Kindling produced an increase in Timm index in +/-animals intcrmcdiate between +/+ and -/-animals; this increase was more variable than that of +/+ or -/-animals ( Fig. 2E ) but was signiticant compared with naive +/-controls (p < 0.05) and with kindled -/-mice (p < 0.05). Timm staining in the supragranular region of naive mice was minimal and did not differ significantly among +/+, +/-, and -/-mice (Fig. 2E) .
Because mossy fiber reorganization is thought to be caused by pathological activity (i.e., electrographic seizure), meaningful interpretation of the Timm results requires that the duration of electrographic seizure be similar in the +/+, +/-, and -/-mice. The Timm studies were performed after completion of kindling in the initial subset of animals under study (n = 16). These animals were stimulated until lo-15 class 4 or 5 motor seizures had been evoked, and the total duration of evoked electrographic seizures was equivalent among the different genotypes. Animals were killed at least 3 d after the last seizure and prepared for morphological study. Despite differences in ESD early in kindling development similar to the composite of all animals (Fig. lA) , the total duration of evoked electrographic seizure recorded from the amygdala electrode was summed and was not significantly different among the three genotypes (+/+, n = 7; +/-, II = 5; -/-, n = 4; p = 0.41). The lack of significant difference in the summed ESD despite differences in ESD between genotypes early in kindling development results from the fact that the ESDs in the early stages of kindling development (short individual ESDs) contribute much less to the summed ESD relative to ESDs in the later stages of kindling (much longer individual ESDs).
Morphometric
analyses Mossy fiber sprouting has been reported to occur in response to loss of neurons in the dentate hilus (Laurberg and Zimmer, 1981; Sutula et al., 1987) . Furthermore, a reduction in hilar neuronal density has been described after kindling, and this has been interpreted to be attributable to loss of hilar neurons (Cavazos and Sutula, 1990; Cavazos et al., 1994) . Thus the possibility arose that the reduction in mossy fiber sprouting after kindling in the -/-compared with the +/+ mice could simply be attributable to greater loss of hilar neurons in the +/+ compared with the -/-mice during kindling. We therefore attempted to answer the following questions. Does kindling produce a reduction in hilar neuron density (as reported previously)? If so, was the reduction in hilar neuron density attributable to a loss of neurons? Did kindling produce a greater loss of hilar neurons in +/+ compared with -/-mice, thereby providing a potential mechanism for the observed differences in mossy fiber sprouting?
The density of hilar neurons, total number of hilar neurons, and hilar volume were measured in +/+, +/-, and -/-mice both in unstimulated animals (n = 16) and after kindling (n = 16). Hilar neurons were identified by the presence of nuclei containing nucleoli, as detected in cresyl violet-stained sections (Fig. 3) . Because previous studies have revealed that -40% of polymorphic neurons in the rat dentate hilus contain multiple nucleoli (Cavazos and Sutula, 1990) , cell counts were performed on every third section. In accordance with previous reports (Cavazos and Sutula, 1990; Cavazos et al., 1994) reductions in hilar neuron density were evident after kindling of +/+ mice; significant reductions were detected ipsilateral (27%; p < 0.05) and contralatera1 (26%; p < 0.05) to the stimulating electrode (Fig. 4A ). Significant reductions in hilar neuron density were also found after kindling of -/-mice; the magnitude of the reductions was equivalent to those found after kindling of +/+ mice and were similar ipsilateral (23%; p < 0.05) and contralateral to the stimulating clcctrode (26%1; y < 0.05) (Fig. 4A) . Reductions in hilar neuron density were also cvidcnt after kindling of +/-mice, but the ditl'erenccs wcrc signilicant only contralateral to the stimulating electrode (Fig. 4A) .
In contrast to previous studies (Cavazos and Sutula, 1990; Cavazos et al., 1994) no reductions in hilar neuron number were found after kindling of +/+ mice (Fig. 4B) . Likewise, no reductions in hilar neuron number were detected after kindling of either +/-or -/-mice (Fig. 4B) . Instead, to our surprise, hilar volume in +/+ mice was found to be increased after kindling in comparison to unstimulated +/+ mice (Fig. 4C) ; significant increases were found ipsilateral (50%; p < 0.05) and contralateral (40%; p < 0.05) to the stimulating electrode. Increases in hilar volume were also found in -/-mice after kindling compared with unstimulated -/-mice ( Fig. 4C) , similar in magnitude to those found in +/+ mice (ipsilateral, 55%;~ < 0.05; contralateral, 50%; p < 0.05). Increases in hilar volume were found in +/-mice after kindling, but these did not reach statistical significance. In summary, these results replicated findings by Cavazos and Sutula (1990) in demonstrating kindling-induced reductions in hilar neuron density approximating 28%; however, we show the reductions in neuron density reported here to be attributable to increases in hilar volume and not to reductions in hilar neuron number.
The morphometric analyses described above were performed in kindled animals and naive animals of the corresponding genotypes. In addition to kindling per se, the kindled animals had undergone surgical implantation of an electrode in the right amygdala and had been handled as a part of the kindling protocol. By contrast, naive animals had not undergone electrode implantation or handling. To determine whether electrode implantation and/or handling is suflicient to produce an increase in hilar volume, hilar volume was measured in naive +/+ mice and in +/+ mice after electrode implantation and handling with sham stimulation for 28 sessions. No differences in hilar volume (pm" x lo', mean ? SEM, left and right, respectively;p > 0.64) were detected between these animals: naive: 7377 ? 396, 7233 -t 290; implanted and handled: 7479 ? 539, 70.55 2 756. Apart from differences induced by kindling, these detailed morphometric analyses provided an opportunity to assess the effects of the null mutation of c-fos on the anatomy of the dentate hilus. No significant differences in hilar neuron density, neuron Plasticity i n c-fos Mutant Mice J Neurosc , June 15, 1996, 16(12) .3827-3836 3831
Nai ve Anix& Ki ndl ed Animais Timm histochemistry. Horizontal Timm-stained section of the dorsal dentate gyrus representative of a kindled +/+ (A) and -/-(C) mouse selected from animals presented in E to show the differences measured.
The area near the asterisk is shown at higher magnification in panels R (+/+) and D (-/-), respectively; the Timm granules in the supragranular region arc prominent in the +/+ but not in the -/-mouse (uvrows). Scale bars: A, C, 500 pm; B, D, 40 Frn. E, Results of image analysis of Timm granules in naive and kindled animals of all three genotypes (n = 7, +/+; n = 5, +/-; n = 4 -/-).
Timm indexes from ipsilateral and contralateral hippocampi were pooled and analyzed by two-way ANOVA with Bonferroni's t test (post-hoc).
$,r, < 0.05 (vs kindled +/+); 6,~ CC 0.05 (vs kindled +/-); *,p < 0.05 (vs kindled -/-); $5,~ < 0.05 (vs kindled pi-); 66,~ < 0.05 (vs kindled -/-). When ipsilateral and contralateral Timm scores were analyzed separately by genotype and treatment, similar differences were found. A subset of the animals undergoing kindling was used for these morphological studies; kindling development in thcsc animals was similar to the composite of animals presented in Figure 1 . June 15, 1996, 16(12) number, or hilar volume were detected as a function of genotype in either unstimulated or kindled animals ( Fig. 4A-C) . Importantly, the lack of detectable hilar neuron death after kindling argues against differential loss of neurons as the explanation for differences between +I+ and -Imice in the magnitude of kindling-induced mossy fiber sprouting.
Assessment of seizure propagation into hippocampus
Another possible explanation of the reduction of mossy fiber sprouting in -/-compared with +/+ mice after kindling could be simply that the electrographic seizure initiated by amygdala stimulation failed to propagate to the dentate granule cells of the hippocampus in the -/-compared with the +/+ mice. This possibility was not addrcsscd in the initial experiments because the sole electrographic recordings were from the electrode in the amygdala, precluding direct measurement of activity in the hippocampus. This possibility was tested by two different experimental approaches, electrophysiological recordings during the stimulus-evoked seizures and in situ hybridization for IEGs in the dentate granule cells.
The critical issue addressed in these experiments was whether the ESD recorded in the amygdala provided a reliable measure of the ESD in the hippocampus in both +/+ and -/-mice. To address this issue, the duration of electrographic seizure was compared between electrodes placed in the stimulated amygdala and the ipsilateral hippocampus during the development of kindling in both +/+ and -I-mice. We found that each stimulationevoked electrographic seizure in the amygdala was associated with an electrographic seizure recorded from the hippocampal electrode in every +I+ and -I-mouse. Moreover, no differences in the total duration of electrographic seizures between amygdala and hippocampus were evident in either the +/+ (n = 9) or -/-(n = 3) mice (data not shown). Even the brief electrographic seizure induced by the initial stimulation of the amygdala was associated with electrographic seizure in the hippocampus in both +/+ and -/-mice (not shown). These electrophysiological recordings demonstrate that the electrographic seizure recorded from the amygdala faithfully reflected electrographic seizure propagation into the hippocampus in both +/+ and -/-mice. To determine whether electrographic seizure actually triggered activation of immediate early gene expression in the dentate granule cells of both +/+ and -/-mice, in situ hybridization experiments were performed. Electrographic seizure has been demonstrated to evoke dramatic increases of transcripts for multiple IEGs in the dentate granule cells (Morgan et al., 1987; Morgan and Curran, 1991; Kiessling and Gass, 1993; Labiner et al., 1993) . We therefore used in situ hybridization to test directly whether a kindled seizure evoked increases of transcripts for the IEGs NGFI-A and c-jun in both +I+ and -Imice. In situ hybridization for both of these IEGs was performed in +/+ and -/-mice killed 30 min after a class 5 kindled seizure. Striking increases in the expression of both of these IEGs were evident in every +/+ (n = 5) and -/-(n = 5) mouse examined (Fig. 5) . As expected, c-fos transcripts were increased in the dentate granule cells after seizure in the +/+ but not the -/-mice (Fig. 5) . Thus, these data provide direct evidence for the seizure-induced activation of IEG expression in the dentate granule cells of -/-as well as +/+ mice, and together with the electrophysiological data (above) support the idea that equivalent amounts of pathological , +/-(n = 5), and -/-(n = 4) mice. Naive refers to unimplanted and unstimulated mice of corresponding genotypes. Kindled refers to treatment as described in Materials and Methods. I and C refer to the hippocampus ipsilateral and contralateral to the stimulating electrode, respectively. Statistical analyses were performed with two-way ANOVA with post-hoc Bonferroni's t test for pairwise comparisons. *, p < 0.05 in comparison to naive of corresponding genotype and side. J. Neuroscl., June 15, 1996, 76(12):3827-3836 3633 activity invaded the dentate granule cells during the kindling protocol in the +/+ and -/-mice. These data also verify the absence of seizure-evoked expression of c-fos in the -/-mice.
DISCUSSION
Two principal findings emerge from this work. First, the development of kindling as measured by behavioral and electrophysiological indices is partially impaired in mice carrying a null mutation for c-fos. Second, kindling-induced granule cell axon sprouting into the supragranular region of the dentate gyrus as measured by Timm staining is attenuated in c-fos null mutants. Our findings support the hypothesis that expression of IEGs such as c-fos link fleeting changes of neuronal activity to lasting modifications of structure and function in the mammalian nervous system.
Defective kindling-induced axonal sprouting in null mutants Our conclusion that there are fewer mossy fiber terminals in the supragranular region of the dentate gyrus relies on the lower level of Timm staining in this area after kindling in -/-compared with +/-or +/+ mice. The Timm method stains neural elements containing heavy metals and stains mossy fibers in particular because of their high zinc content (Danscher, 1981) . Sutula et al. (1988) demonstrated the presence of Timm granules in the supragranular region after kindling and localized the aberrant Timm granules to synaptic terminals with electron microscopy. Okazaki et al. (1995) used retrograde transport of biocytin in slices isolated from rats after chemoconvulsant-induced status epilepticus to demonstrate the presence of mossy fiber synapses on granule cell dendrites in animals with robust Timm staining in the supragranular region. On the basis of these results, we conclude that the reduced Timm staining in the supragranular region of dentate gyrus reflects fewer mossy fiber terminals present in -/-compared with +/-or +/+ mice after kindling. The spatial selectivity of this effect, i.e., that the lower level of Timm staining after kindling in -/-mice was confined to the supragranular region of the dentate gyrus, argues against a global effect of the null mutation on the mossy fiber axons and pinpoints the defect to an attenuation of the seizure-induced sprouting of these axons.
Potential mechanisms for defective kindling-induced axonal sprouting in null mutants One possible mechanism for reductions of mossy fiber sprouting in +/+ versus -/-mice could be differences in seizure-evoked hilar cell death. Reductions of hilar neuronal density have been described after kindling; these reductions have been interpreted as resulting from death of hilar neurons (Cavazos and Sutula, 1990; Cavazos et al., 1994) . Thus it is conceivable that death of fewer hilar neurons in -/-compared with +/+ mice might account for defective mossy fiber sprouting in -/-mice. Cavazos and Sutula (1990) described reductions of hilar neuronal density in rats approximating 15% and 40% after 3 and 30 class 5 kindled seizures, respectively. The present findings confirm and extend these findings by demonstrating a reduction of hilar neuronal density of -30% after lo-15 class 5 kindled seizures in +/+ mice. In our study, kindling did not result in any change in the total numbers of hilar neurons in +/+, +/-, or -/-mice (Fig. 4B) . In contrast to the findings of Cavazos and Sutula (1990) , kindling did result in increases of hilar volume in all genotypes (Fig. 4C) . Thus the reductions in hilar neuronal density described here are attributable to increases of hilar volume and not to loss of hilar neurons. Cavazos and Sutula (1990) did report a small increase of hilar volume after kindling, but this was not significant and the Representative in situ hybridization autoradiograms exposed for the same amount of time from animals killed 30 min after an amygdala-kindled clonic motor seizure. Arrow denotes right dentate gyms. Insets show ipsilateral dentate gyrus at higher magnification. Marked bilateral NGFI-A induction was observed in all +/+ (n = 5) and -/-(n = 5) animals (top), whereas as expected, only +/+ animals showed c-fos induction (n = 5) (bottom). Results similar to NGFZ-A were obtained with c-j~n riboprobe in all 10 animals (not shown). Sense riboprobes showed no specific hybridization signal (not shown).
magnitude was not sufficient to account for the reduction of neuronal density. The explanation for the discrepancy in values of hilar volume may reside in methodological differences. Cavazos and Sutula (1990) measured the areas of the dentate gyrus in four horizontal sections and the vertical distance between these four sections by counting the number of cryostat sections of a given thickness; these measurements were used to calculate the volume. In the present study, the hilar area was measured in the 30 horizontal sections in which the neurons were counted, and the areas were integrated to determine the volume. In similar studies, Lothman and colleagues (Bertram et al., 1990; Bertram and Lothman, 1993) reported kindling-induced reductions of hilar neuronal density that were attributable to increases of hilar volume and not to loss of neurons. Although no cell loss was detectable, we cannot exclude the possibility that loss of a small population of hilar neurons escaped detection in these experiments.
The kindling-induced increases in hilar volume are reminiscent of the preferential increases in volume identified in those regions of rat neocortex undergoing greater use during development (Purves, 1994) . In contrast to the effects of physiological activity on the developing normal cortex, the effects described here are the consequence of pathological activity in mature cortex. According to this developmental analogy, we favor the idea that the increases of hilar volume are attributable to kindling-induced neuropil elaboration. Other possibilities, which include glial proliferation and accumulation of fluid in the extracellular or intracellular space, warrant careful study.
Another potential explanation for impaired mossy fiber sprouting after kindling of -/-mice could be that less electrographic seizure activity propagated to the dentate granule cells after amygdala stimulation in -/-versus +/+ mice. Direct measures with recording electrodes demonstrated that total electrographic seizure activity is similar whether measured in the amygdala or the hippocampus. Furthermore, in situ hybridization experiments after amygdala-evoked kindled seizures disclosed dramatic increases in the expression of the IEGs, NGFI-A, and c-jun in the dentate gyrus of both +/+ and -/-mice (Fig. S) , implying that the granule cells were indeed activated by electrographic seizure regardless of genotype.
Another explanation for the attenuation of kindling-induced mossy fiber sprouting could be that developmental absence of c-&s modifies the later ability of the granule cells to exhibit axonal sprouting in response to pathological activity in the mature brain. Ontogenetic analyses of c-fos expression argue against this possibility. First, the vast majority of dentate granule cells are born postnatally (-85% in the rat) (Angevine, 1965; Bayer and Altman, 1974) . Second, Alcantara and Greenough (1993) examined the expression of Fos immunoreactivity at multiple time points during embryonic and postnatal development and found no evidence for constitutive Fos expression in the granule cells. Rather, the dentate granule cells seem to express c-fos in response to various stimuli (such as electrographic seizure) only in the mature brain. Seizures in the immature brain induce limited or no clfos expression (Schreiber et al., 1992) and also fail to induce mossy fiber sprouting (Sperber et al., 1991) , demonstrating that activation of this genetic program is unique to the mature brain and suggesting that it is not involved in the formation of mossy fiber synapses during development. The lack of detectable differences in dentate hilar neuron density, number, or volume and the lack of difference in Timm staining among naive i-l+, +I-, and -/-animals also argue against a confounding effect of development.
Instead, we favor the explanation that the mechanism by which the null mutation of c-fos attenuates kindling-induced mossy fiber sprouting involves alterations of seizure-induced transcriptional regulation of gene expression in the granule cells. Seizure activity in the mature brain triggers the transcriptional activation of c-fos and other IEGs and of genes encoding neurotrophic factors (e.g., NGF, BDNF, bFGF), neurotrophic factor receptors (e.g., Trk B, FGFR-l), and axonal growth-associated proteins (e.g., GAP-43) in the dentate granule cells (Gall and Isackson, 1989; Ernfors et al., 1991; Morgan and Curran, 1991; Bendotti et al., 1993; Bengzon et al., 1993; Gall, 1993; Kiessling and Gass, 1993; Labiner et al., 1993; Meberg et al., 1993; Bugra et al., 1994; Gall et al., 1994) . Such genes are excellent candidates to contribute to seizure induction of mossy fiber sprouting in the mature brain. The ability of BDNF or bFGF to selectively enhance the branching of axons but not dendrites of dentate gyrus neurons in vitro suggests that neurotrophic factors may contribute to mossy fiber sprouting in viva (Pate1 and McNamara, 1995; Lowenstein and Arsenault, 1996) . Furthermore, transgenic mice overexpressing GAP-43 display spontaneous mossy fiber sprouting (Aigner et al., 1995) . The presence of AP-1 sites in the regulatory elements of the bFGF (Shibata et al., 1991) and GAP-43 (Nedivi et al., 1992) promoter regions strengthens the candidacy of these particular genes in the f&less phenotype. Although other mechanisms cannot be cxeluded, we believe that the abscncc of c-&s may limit the transcriptional activation of such growth-related gcncs. Altcrnativcly, the induction of c-fi,s by ncurotrophic t%ctors (Bartcl ct al., 1989; Collazo et al., 1992) raises the possibility that the absence of c+.s may diminish responsiveness to seizure-induced neurotrophic factor expression. The potential for compensatory or adaptive effects of other members of the FOS family such as fiu-1, fru-2, or fos B may explain why inhibition of this structural and functional plasticity is partial instead of complete (Pennypacker et al., 1995) .
Relationship
of defective mossy fiber sprouting to defective kindling development The defective sprouting of granule cell axons may contribute to the defective kindling development of thefis-less mice. Structural or functional modifications of the granule cells may influence kindling development evoked by amygdala stimulation, because granule cell destruction is known to retard amygdaloid kindling (Dasheiff and McNamara, 1982) . Synaptic reorganization of granule cell axons identified in kindled animals provides a plausible mechanism for part of the hyperexcitability of kindling (Sutula et al., 1988) . Morphological and electrophysiological evidence supports the notion that at least part of the aberrant projection of the granule cell axons innervates the granule cell dendrites, thereby forming a recurrent excitatory circuit (Frotscher and Zimmer, 1983; Tduck and Nadler, 1985; Sutula et al., 1988; Cronin et al., 1992; Okazaki et al., 1995) . Although a subpopulation of these aberrant axons may activate inhibitory neurons (Cronin et al., 1992; Sloviter, 1992) , the enhanced synaptic excitation of the granule cells resulting from the remaining axons (Tauck and Nadler, 1985; Cronin et al., 1992) could promote the progressive intensification of evoked seizures in the kindling model. It therefore seems plausible that the attenuation of mossy fiber sprouting may contribute to the functional defects observed with kindling development; however, detailed analyses of the spatial pattern of c-fos expression during kindling dcvclopmcnt in the rat have demonstrated that c-fas expression is induced in a highly specific anatomic pattern restricted to the medial and cortical amygdaloid nuclei and pyriform cortex ipsilateral to the stimulating electrode during the first several stimulation-induced electrographic seizures (Hosford et al., 1995) . If similar patterns occur in mouse and rat, perhaps the failure of the ESD to lengthen after several stimulations is attributable in part to the absence of c-fos expression in these amygdaloid nuclei and pyriform cortex. The absence of c-fos expression in the granule cells and reduced mossy fiber sprouting may then contribute to the shorter electrographic seizures and less intense behavioral seizures evoked by later stimulations. Although this explanation is plausible, our experiments do not prove that the attenuation of mossy fiber sprouting itself caused or contributed to the defect of kindling development.
